The number of extended-spectrum β-lactamases-producing Klebsiella pneumoniae (ESBL-KP) strains is constantly increasing. This is of great concern in human healthcare around the world. In this study, we aimed to evaluate the antimicrobial activity of amikacin-tigecycline combination against six tigecyclineresistant ESBL-KP clinical isolates using disc diffusion method, checkerboard titration assay and timekill curve technique. Presence of subinhibitory concentration of tigecycline (1 mg/L) enhanced the susceptibility of ESBL-KP isolates to amikacin expressed by the percentage of relative inhibition zone diameter (% RIZD) which ranged from 110 to 167%. The fractional inhibitory concentration indices (FICIs) of amikacin-tigecycline combinations were from 0.31 to 0.75. For KP 125 and KP 135 isolates, combination of tigecycline (2 mg/L) and amikacin (8 mg/L) resulted in 99.99% killing after 24 h incubation. Drastic and rapid bactericidal effect was shown after 6 h incubation against KP 135 in the presence 2 mg/L tigecycline plus 16 mg/L amikacin. In conclusion, the combined effect of amikacintigecycline is significantly synergistic at concentrations that were within the clinically achievable serum levels and may be eligible for further evaluation in vivo against ESBL-KP infections to define their utility as an alternative to carbapenems.
INTRODUCTION
Antibiotic resistance is a serious problem in clinical medicine. The efficacy of treatment with the widely use β-lactam antibiotics is constantly challenged by the emergence of new resistant bacterial strains. In Gramnegative bacteria, β-lactamase production is considered the main antibiotic resistant mechanism (Livermore, 2009) .
Extended spectrum beta-lactamase (ESBL) production is one of the main mechanisms of resistance to β-lactam antibiotics among the family Enterobacteriaceae (Szabó et al., 2001) . ESBL-producing Enterobacteriaceae are among the most important and frequent nosocomial pathogens and are also resistant to many classes of antibiotics (O'Neill, 2008; Vidaillac et al., 2009 caused by ESBL-producing Klebsiella pneumoniae "ESBL-KP" (Arpin et al., 2003; Keynan and Rubinstein, 2007) . Treatment of serious life-threatening infections due to ESBL-KP pathogens presents a difficult challenge due to limited therapeutic options (Shanthi and Sekar, 2011) . Combination therapy may play a crucial role in eradicating ESBL-KP and is considered one of the best options available to treat infections caused by such pathogens (Dawis et al., 2003; Klibanov et al., 2004) . In addition, the use of combination therapy can broaden the spectrum of antibacterial activity, minimize the emergence of resistant bacteria and can result in synergic interaction (Dawis et al., 2003) .
Tigecycline is the first glycylcycline antibiotic available for clinical use (Pankey, 2005; Šeputienė et al., 2010) . It is active against a wide range of clinically important Gram-negative pathogens (Hawkey and Finch, 2007) . Some clinical isolates tend to have decreased susceptibility to tigecycline e.g. Proteus mirabilis, Klebsiella pneumoniae and Pseudomonas aeruginosa (Souli et al., 2006; Kresken et al., 2009) . Limited data are available on combination of amikacin and tigecycline against ESBL-KP.
The objective of the present work was to evaluate the in vitro activity of amikacin-tigecycline combination against ESBL-KP by a three-step approach, involving preliminary disc diffusion method, checkerboard technique and time-kill assay.
MATRERIALS AND METHODS

Bacterial isolates and antimicrobial agents
A total of 37 non-duplicate ESBL-producing K. pneumoniae clinical isolates were collected from three hospitals in Al-Ahsa, eastern region of Saudi Arabia. VITEK 2 compact automated system (BioMerieux, Marcy l'Etoile, France) was used for identification of the isolates and testing of the antibiotic sensitivity using GN (REF. 21341 ) and AST-N116 (REF. 22289 ) kits, respectively, according to the instructions of the manufacturer. Amikacin and tigecycline were purchased from Sigma, Aldrich (St. Louis, MO, USA). All antimicrobial assays were carried out in Mueller-Hinton broth (MHB, Oxoid Ltd, UK). Antibiotic discs were purchased from Oxoid Ltd, UK.
Determination of the minimum inhibitory concentration of tigecycline and amikacin
The minimum inhibitory concentrations (MICs) of amikacin and tigecycline against six tigecycline-resistant selected clinical isolates (KP 101, 102, 111, 121, 125 and 135) were determined by broth microdilution technique using 96-well plates according to Clinical and Laboratory Standards Institute (CLSI, 2008) guidelines. The experiments were carried out in duplicate. The MIC was defined as the lowest concentration at which there was no visible bacterial growth after incubation at 37°C for 18 to 24 h.
Disc diffusion assay
The effect of subinhibitory concentration of tigecycline (1 mg/L) on Aboulmagd et al. 45 the antibacterial activity of amikacin was assessed by determination of the percentage of relative inhibition zone diameter (% RIZD) using agar diffusion method according to a previously published report (Aboulmagd et al., 2011) .
Checkerboard titration method
The combination between amikacin and tigecycline was assessed by checkerboard titration method (Pillai et al., 2005) in 96-well microtiter plate (Greiner bio-one GmbH, Frickenhausen, Germany). The final bacterial inoculum was adjusted at about 10 6 CFU/ml. The experiments were carried out in duplicate. The fractional inhibitory concentration index (FICI) for each combination was calculated using the following formulae: FICI = (MIC of amikacin in combination ÷ MIC of amikacin alone) plus (MIC of tigecycline in combination ÷ MIC of tigecycline alone). The FICI ≤ 0.5 indicated synergy while FICI of >0.5 but < 1 indicated partial synergy. The additive effect was indicated by FICI of 1.0 while FICI of >1 but < 4 was considered as indifferent. FICI of ≥4 was interpreted as antagonistic (Dawis et al., 2003) .
Time-kill curve analysis
Combined bactericidal effects of amikacin and tigecycline were evaluated in duplicate against KP 125 and 135 using time-kill assay (Pillai et al., 2005) . Initial inoculums of about 10 6 CFU/ml of the two isolates were exposed to tigecycline (2 mg/L) and amikacin (2, 4, 8 or 16 mg/L) either alone or in combination. Suitable controls lacking amikacin and tigecycline were included in the experiment. Aliquots of bacterial cultures were plated onto Mueller Hinton agar at 0 h and after 3, 6 and 24 h. Colonies were counted after 24 h incubation at 37°C. The experiments were carried out in duplicate. The rate of killing was determined by plotting the log number of survivors per ml (log CFU/mL) against the time. Synergy was defined as a ≥ 2 log10 decrease in CFU/mL by the drug combination when compared with the most active one after 24 h.
RESULTS
The resistance patterns of 37 non-duplicate ESBLproducing Klebsiella pneumoniae clinical isolates were determined against 20 antimicrobial agents by VITEK 2 compact automated system (data not shown). All isolates were susceptible to imipenem and meropenem while tigecycline was inactive against six isolates (KP 101, 102, 111, 121, 125 and 135) . The resistance pattern of the six tigecycline-resistant isolates is depicted in Table 1 and these isolates were used further to evaluate the efficacy of amikacin-tigecycline combination by checkerboard technique and time-kill assay. The minimum inhibitory concentration (MIC) values summarized in Table 2 show that KP 125 and KP 135 isolates were resistant to amikacin (32 and 64 mg/L, respectively) while the other four tested isolates (KP 101, 102, 111 and 121) were susceptible (MIC values ≤ 8 mg/L). Figure 1 shows that presence of subinhibitory concentration of tigecycline (1 mg/L = 0.062-0.125 x MIC) enhanced the susceptibility of the six tested tigecyclineresistant isolates to amikacin as expressed by percentage relative inhibition zone diameter (% RIZD). The highest effect was recorded against KP 125 and KP 135 (167 and 150% RIZD, respectively) while KP 101 was the least affected isolate (Figure 1 ). Fractional inhibitory concentration indices (FICIs) of amikacin-tigecycline combinations against the six tigecycline-resistant selected isolates exhibited synergic effect (FICI ≤ 0.5) against KP 102, 111, 125 and 135 while partial synergy (FICI >0.5 -0.75) was observed against KP 101 and 121 (Table 3) . No antagonism was observed during this study.
The bactericidal activity of amikacin-tigecycline combination was evaluated by time-kill assay and the results are shown in Figures 2 and 3 . Combination of 2 mg/L tigecycline and 4 mg/L amikacin showed 4.8 and 6.4 Log 10 reduction of number of survivors after 24 h incubation against KP 125 and 135, respectively ( Figure  2 ). On the other hand, addition of 2 mg/L tigecycline to 16 mg/L amikacin showed 99.99% killing after 6 and 24 h incubation against KP 135 and 125, respectively, as shown in Figure 3 .
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DISCUSSION
Infections caused by ESBLs pose serious challenge to clinicians because they are resistant to a broad range of β-lactams including 3 rd generation cephalosporins (Ramphal and Ambrose, 2006) . Moreover, ESBL-KP is recognized as one of the most common causes of healthcare associated bacterial infections together with Escherichia coli and Pseudomonas aeruginosa (Goyal et al., 2009) .
Due to the limited number of effective antimicrobial agents or novel therapeutic strategies, multi-drug resistant gram-negative pathogens currently represent a serious clinical concern (Arpin et al., 2003) . In the present study, the outcome of amikacin-tigecycline interactions was investigated using checkerboard titration method and time-kill curve analysis.
All tested ESBL-KP isolates were susceptible to imipenem and meropenem. However, overuse of carbapenem can lead to emergence of carbapenemresistant ESBL-KP. Therefore, to avoid the emergence of such resistant pathogens, clinicians are encouraged to seek out for other alternatives for treatment of infections caused by ESBL-KP. Combination therapy is often beneficial for patients with serious infections caused by ESBL-KP. In addition to the improvement of the killing effect of the drugs, combination therapy may also reduce the emergence of resistance and improve the spectrum of activity (Bouza and Muñoz, 2000) .
Checkerboard titration assay (FICI) and percentage relative inhibition zone diameter (%RIZD) showed significant synergism between amikacin and tigecycline. Checkerboard analysis showed that amikacin is synergic or partially synergic in combination with tigecycline against ESBL-KP. None of the combinations resulted in antagonism. These findings are in agreement with that of Vouillamoz et al. (2008) who showed that amikacintigecycline combination exhibited synergism against 40% of ESBL-KP tested. Moreover, Petersen et al. (2006) showed that the combination of tigecycline with amikacin demonstrated synergy against 56% of the strains tested. In addition, combination studies of gentamicin plus tigecycline resulted in synergy against 20% of ESBL-KP tested (Cha, 2008) .
In order to confirm the results of synergism obtained by checkerboard technique (FICI ≤ 0.5), time-kill kinetic experiments were performed. Amikacin-tigecycline combination revealed bactericidal synergy against the two tested ESBL-KP. These results appeared consistent with those presented by Vouillamoz et al. (2008) who showed that amikacin-tigecycline combination exhibited bacteriostatic synergism against many of the gram negative pathogens tested.
The results of the present study demonstrate that timekill analyses were in accordance with checkerboard results. In contrast, previously published data recorded certain type of discrepancy between the checkerboard and the time-kill results during studying the combination of tigecycline with different antimicrobial agents (Petersen et al., 2006; Aliskan et al., 2009) .
Based on our findings, further studies of amikacintigecycline combinations, including in vivo studies in infected animal models, are required to confirm the potential utility of amikacin-tigecycline combination to combat ESBL-KP infections.
In conclusion, amikacin-tigecycline combination showed a drastic bactericidal effect at concentrations that were within the clinically achievable serum levels. This combination represents a promising therapeutic option to overcome ESBL-KP infections. Therefore, further studies are warranted to elucidate the clinical value of this combination against ESBL-KP and to define their utility as an alternative to carbapenems.
